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Pathogenic bacteria inject a diverse set of effectors into eukaryotic host cells and manipulate the cellular
environment to enhance bacterial fitness. There is mounting evidence that the transcription machinery in
the nucleus of plant cells is a target of various bacterial effectors. These effectors seem to mimic the actions
of host nuclear components. To monitor and counteract such virulence-promoting strategies, plants have
acquired unique immune-sensing mechanisms.Introduction
Plants use two major classes of innate immune receptors—pat-
tern recognition receptors (PRRs) and disease resistance (R)
proteins—to monitor encounters with microbial organisms.
PRRs detect highly conserved microbe-associated molecular
patterns (MAMPs) present in many bacterial species. R proteins
recognize the actions or structure of isolate-specific pathogen
effectors encoded by so-called avirulence (Avr) genes. The de-
tection of MAMPs by PRRs results in MAMP-triggered immunity
(MTI). MTI defines the first layer of active defense that a pathogen
must avoid, dampen, or overcome for successful infection. The
detection of isolate-specific Avr gene products by R proteins re-
sults in race-specific immunity and represents a second layer of
inducible defense. Its underlying genetic theory was formulated
more than 50 years ago by Flor, predicting that this form of im-
munity is triggered only if a dominantly acting R gene product
recognizes a specific Avr gene product (Flor, 1956). R genes
encode predominantly intracellular immune sensors containing
a central nucleotide binding (NB) domain and C-terminal leu-
cine-rich repeats (LRRs) and are structurally related to NOD-
like receptors (NLRs; also called NACHT-LRR, or CATERPILLER
proteins) of the vertebrate innate immune system (Shen and
Schulze-Lefert, 2007).
Remarkably, in genetic studies of interactions between the
phytopathogenic bacterium Xanthomonas oryzae pv. oryzae
(Xoo) and rice, 9 out of 30 documented strain-specific resis-
tances are recessively inherited (Iyer-Pascuzzi and McCouch,
2007). The frequent occurrence of recessive strain-specific resis-
tance is unusual and raises the question whether the failure of
Xoo to colonize a host line results in these cases from polymor-
phisms in host susceptibility factors, the existence of which is
a matter of controversy in plant-microbe interactions. Virulence
of most Gram-negative bacterial pathogens of plants and ani-
mals depends on the type III secretion system (T3SS) that is en-
coded by hypersensitive response and pathogenicity (hrp) genes.
Pathogenic bacteria secrete a wide range of effector proteins via
the T3SS into host cells. This modulates host processes to estab-
lish a favorable cell environment for the bacteria. The gene ex-
pression machinery in the host nucleus has recently emerged
as a key target of a particular class of bacterial effectors.96 Cell Host & Microbe 4, August 14, 2008 ª2008 Elsevier Inc.Dialing into the Eukaryotic Transcriptional Machinery
Phytopathogenic Xanthomonas and Ralstonia species harbor
multiple T3SS effector genes that encode members of a family
of transcription activator-like (TAL) proteins. Members of the
Xanthomonas TAL family (previously termed AvrBs3/PthA fam-
ily) share 80%–99% identical polypeptides and characteristic
structural features: an N-terminal secretion signal for delivery
by the bacterial T3SS; a central repeat region consisting of dif-
ferent numbers of nearly identical tandem repeats of 34 or 35
amino acids (ranging between 1.5 and 28.5 repeats); and the
C-terminal region comprising imperfect heptad leucine zipper
(LZ) repeats, nuclear localization signals (NLSs), and an acidic
activation domain (AAD) (Schornack et al., 2006). These
structural features and the high sequence conservation among
family members suggest that TAL effectors can manipulate
the transcriptional machinery of plant cells by similar mecha-
nisms.
The TAL effector AvrBs3 of Xanthomonas campestris pv. ves-
icatoria (Xcv) specifically induces a leaf hypertrophy phenotype
in susceptible pepper accessions, characterized by an enlarge-
ment of mesophyll cells in the leaf interior. This symptom is oc-
casionally seen in addition to necrotic lesions and is thought to
have a role in bacterial dissemination by facilitating egress of
the pathogen subsequent to multiplication within the abundant
intercellular space between spongy mesophyll cells (Marois
et al., 2002). AvrBs3 is translocated to plant cell nuclei in both
susceptible and resistant pepper varieties. Yet, the physiological
outcome of effector translocation is vastly different in these two
types of plants: whereas AvrBs3 is needed to induce mesophyll
hypertrophy in susceptible leaves, effector delivery in the resis-
tant pepper leaves triggers localized cell death or the hypersen-
sitive response (HR) at attempted colonization sites. The HR is
a typical response following activation of intracellular NB-LRR
type immune sensors in plants and is believed to be detrimental
for pathogen reproduction. The requirement of the NLS and AAD
for both hypertrophy induction and disease resistance is consis-
tent with a role of AvrBs3 as transcriptional activator in the host
nucleus (Marois et al., 2002; VandenAckerveken et al., 1996).
In addition, this suggests that this AvrBs3 activity at the host
transcriptional machinery serves as a molecular switch for
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MinireviewFigure 1. Delivery of the Xcv Effector
AvrBs3 into Host Cells Induces Different
Cellular Responses in Susceptible and
Resistant Plants
(A) In the absence of Xcv, Bs3 transcription is un-
detectable in Bs3 and Bs3-E plants while endoge-
nous low-level upa20 expression might regulate
cell size. Nuclear envelope is denoted by a thick
black line.
(B) AvrBs3 is delivered into host cells via the bac-
terial T3SS. In susceptible Bs3-E plants, AvrBs3
(red star) binds to the upa box (blue rectangle)
and activates upa20, encoding a transcription fac-
tor. Upa20 (green circle) in turn activates upa7 (di-
rectly or indirectly), encoding a-expansin (yellow
hexagon), to stimulate cell expansion (black ar-
rows).
(C) In Bs3-resistant plants, AvrBs3 also binds to
the upa box in the Bs3 promoter and activates
Bs3 transcription, thereby triggering a Bs3 (blue
hexagon)-dependent host cell death (denoted by
black dotted lines).contrasting AvrBs3-dependent host cell responses, i.e., bacte-
rial spreading or activation of immune responses.
More than 11 upregulated by AvrBs3 (upa) genes have been
identified in susceptible pepper plants upon Xcv infection, and
most of these are indirect targets because their induction re-
quires de novo protein synthesis (Kay et al., 2007; Marois
et al., 2002). One direct target of AvrBs3 is upa20, which en-
codes a transcription factor of the basic helix-loop-helix
(bHLH) class. Upa20 appears to act as a master regulator of
cell enlargement, at least in part, through the activation of upa7
(Kay et al., 2007). upa7 requires de novo protein synthesis for ac-
tivation upon AvrBs3 delivery and encodes a putative a-expan-
sin, an enzyme class involved in cell wall softening. This points
to the engagement of a transcriptional cascade that reprograms
host cells for pathogen dispersal (Figure 1).
Further studies have determined a core sequence, termed the
upa box (TATATAAACCN2-3CC), which is conserved in at least
two upa gene promoters, are direct targets of AvrBs3 (Kay
et al., 2007). AvrBs3 appears to bind and activate the upa box-
containing promoters directly despite the lack of known DNA-
binding motifs (Figure 1). The 17.5 repeats in the central region
of AvrBs3 are critical for both in vitro specific binding to the
upa box and in planta activation of the upa20 promoter (Kay
et al., 2007). It will be important to find out whether the upa
box is only targeted by AvrBs3 or serves additional functions
as a cis-acting element for other host transcription factors. In
the presence of AvrBs3, the upa20 transcription initiation site is
shifted by 37 base pairs downstream of the initiation site of
unchallenged plants, thereby generating a shortened transcript.
The presence of two putative TATA box motifs in the upa20 pro-
moter might underscore the significance of this alternative tran-
scriptional initiation. Part of the upa box sequence overlaps with
the upper TATA box motif, which otherwise seems to be recog-
nized by TATA box-binding protein (TBP) during endogenous
upa20 transcription. Thus, AvrBs3 might have acquired the prop-
erty to bind the upa box by manipulating a TATA box bindingmodule. Whether AvrBs3 binding to the upa box masks the up-
per TATA box motif, thereby indirectly assisting promoter load-
ing of the alternative start site, should be tested.
Pepper accessions containing the R gene Bs3 specifically
mount dominantly inherited resistance to Xcv isolates containing
avrBs3. Because the most common class of plant R proteins en-
codes intracellular NB-LRR immune sensors, it was somewhat
unexpected that Bs3 encodes a protein homologous to flavine-
dependent mono-oxygenases (FMOs) (Ro¨mer et al., 2007). Rec-
ognition specificity of the AvrBs3-dependent immune response
is determined by Bs3 promoter sequence polymorphisms rather
than polypeptide polymorphisms and correlates with the obser-
vation that Bs3 transcripts are detectable in resistantBs3 but not
susceptible Bs3-E-containing accessions (Ro¨mer et al., 2007).
Notably, the promoter of the Bs3 allele activated by cognate
AvrBs3 contains the upa box that is bound by AvrBs3 (Figure 1).
Thus, AvrBs3-mediated activation of upa box-containing pro-
moters for virulence promotion inadvertently switches on the ex-
pression of Bs3 in the resistant pepper plants. However, pro-
moter binding of AvrBs3 per se is not sufficient for promoter
activation, as the promoter binding affinity in vitro is not always
correlated with promoter activation in vivo among different
AvrBs3-Bs3 allele interactions (Ro¨mer et al., 2007). How AvrBs3
becomes engaged in the host transcriptional machinery is un-
known.
FMOs catalyze the transfer of one oxygen atom from O2 to
a large variety of nucleophilic, low molecular weight substrates.
Genetic studies have described the roles of plant FMOs in auxin
biosynthesis, glucosinolate metabolism, and pathogen defense
(Schlaich, 2007). FMO proteins influence the redox state of plant
cells through the production of reactive oxygen species (ROS)
during both MAMP-induced and R protein-mediated immunity.
Consistent with this model, loss of Arabidopsis FMO1 permits
enhanced reproduction of virulent and avirulent pathogens
(Bartsch et al., 2006). Constitutive expression of Bs3 in Nicotiana
benthamiana, but not FMO1 in Arabidopsis (Bartsch et al., 2006),Cell Host & Microbe 4, August 14, 2008 ª2008 Elsevier Inc. 97
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a potent cell-death inducer (Ro¨mer et al., 2007). This might ex-
plain why Bs3 expression is tightly controlled in pepper, as tran-
scripts were undetectable during defense responses triggered
by other pepper R genes (Bs1 or Bs2) or by virulent Xcv strains
(Ro¨mer et al., 2007). In contrast, Arabidopsis FMO1 is induced
upon a number of abiotic and biotic stresses (Bartsch et al.,
2006). Bs3 variants containing random mutations failed to trigger
HR without affecting protein stability. It is unknown whether
these mutations affect catalytic FMO activity of Bs3 and/or inter-
actions with other proteins. The absence of a conserved 70
amino acid region in Bs3, which is present in all other known
FMOs, might render the pepper enzyme variant deregulated
and hyperactive. It is unknown whether the enzyme has direct
toxic activity or whether Bs3 catalyzed products act as an alarm
signal to trigger cellular suicide (Figure 1).
It seems likely that the findings described above are of broader
biological significance and might help to conceptualize a flurry of
other recent reports describing genetic and molecular interac-
tions between rice R genes and TAL family members in Xoo.
Xoo is the causal agent of bacterial blight of rice. Xcv enters
the plant leaf through wound and natural openings (stomata) to
colonize the intercellular space of the spongy mesophyll, but
Xoo enters leaves through wounds or water pores (hydathodes)
and colonizes and travels systemically through the plant vascu-
lature (xylem). Single Xoo strains can harbor in excess of 22 TAL
family members (Yang et al., 2006). TAL effectors of Xoo are
highly related in structure to the AvrBs3 family of Xcv with se-
quence variations essentially confined to the central repetitive
region (Sugio et al., 2007).
The Xa27 R gene in rice recognizes Xoo strains harboring the
TAL effector AvrXa27 (Gu et al., 2005). The NLS and ADD of
AvrXa27 are required for effector-specific recognition by Xa27.
Similar to AvrBs3 recognition by pepper Bs3, nucleotide differ-
ences in the promoter sequences between resistant Xa27 and
susceptible xa27 alleles determine recognition specificity. Tran-
scriptional activation of the Xa27 resistance allele occurs only in
the presence of AvrXa27 and apparently only in cells containing
the effector. If this were due to direct effector binding to Xa27
regulatory sequences, then AvrXa27 must bind to a different
cis-acting element than the upa box because the Xa27 promoter
region lacks an upa box-like sequence motif. Unfortunately, the
Xa27 protein provides no clues regarding potential biochemical
activities. In addition, rice Xa27 has no discernible sequence
similarity to proteins in other organisms. Ectopic expression of
Xa27 under the control of the PR1 promoter, which is responsive
upon challenge with a diverse range of pathogen species in re-
sistant and susceptible host plants, resulted in rice plants that
are immune to both virulent and avirulent Xoo strains (Gu et al.,
2005). This demonstrates that Xa27 activation is indeed a trigger
for the resistance response. However, it is unknown whether the
PR1:Xa27-expressing rice plants also exhibit immunity to other
pathogens such as fungi. It also remains to be shown whether
the Xa27 protein or an indirect Xa27 activation-associated effect
causes the failure of Xoo to colonize transgenic plants. Neverthe-
less, rice Xa27 and pepper Bs3 appear to represent elegant ex-
amples of host counterdefense mechanisms where a bacterial
virulence factor that directly manipulates the host transcriptional
machinery has been turned against the invader. In both cases,98 Cell Host & Microbe 4, August 14, 2008 ª2008 Elsevier Inc.evolution seemingly has selected plant promoter variants that
serve as decoys for TALs to drive the expression of genes in-
volved in defense or toxicity.
Another TAL effector of Xoo, PthXo7, specifically activates the
expression of rice TFIIAg1, a g subunit of the general transcrip-
tion factor IIA (Sugio et al., 2007). TFIIAg1 is a paralog of rice
TFIIAg5, and these have 86% identity at the amino acid se-
quence level. TFIIAg5 is constitutively expressed in leaves of un-
challenged plants and may serve housekeeping functions, but
TFIIAg1 transcripts were only detectable in leaf tissue in the
presence of PthXo7 (Sugio et al., 2007). Importantly, introduction
of pthXo7 into an avirulent Xoo strain harboring avrxa5 partially
restores virulence in the bacterium on plants containing the
xa5 resistance gene (Sugio et al., 2007). xa5 resistance is reces-
sively inherited and caused by a single amino acid substitution in
TFIIAg5 at position 39 (Iyer and McCouch, 2004). Thus, PthXo7
can confer a counter-counter-defense activity on the bacterium
to overcome immunity in xa5 containing rice lines. However, it re-
mains to be demonstrated whether pthXo7 indeed represents an
adaptation of the Xoo strain to colonize xa5 plants, as loss of
TFIIAg1 induction by pthXo7 deletion in a virulent Xoo strain
shows no obvious defects in the bacterial growth on the xa5 lines
(Sugio et al., 2007). Further experiments are needed to address
the possible requirement of TFIIAg1 expression in virulence pro-
motion and/or host defense suppression. Interestingly, xa5 re-
sistant plants appear to restrict Xoo spread within the leaf rather
than restrict local bacterial multiplication (Iyer-Pascuzzi et al.,
2008).
Rice xa13 is another recessively acting race-specificR gene to
Xoo strains harboring the TAL effector PthXo1 (Chu et al., 2006;
Yang et al., 2006). The dominant allele, Xa13, is essential for
growth of Xoo strains containing PthXo1 and encodes a pre-
dicted plasma membrane-localized protein with multiple trans-
membrane-spanning helices. Xa13 belongs to a protein family
with unknown biochemical functions that is conserved in plants,
animals, and insects. Unlike recessive xa5 resistance, in which
resistance is determined by a TFIIAg5 protein polymorphism,
promoter polymorphisms in Xa13 and xa13 lines at positions
69 to 86 determine the differential outcome of encounters
with Xoo strains containing or lacking PthXo1 (Chu et al.,
2006). PthXo1-harboring Xoo strains strongly activate Xa13 ex-
pression in susceptible Xa13 plants, but not in xa13-resistant
rice accessions. Because silencing of Xa13 by RNA interference
(RNAi) in transgenic rice also confers resistance to the Xoo strain
containing pthXo1, transcriptional activation of Xa13 seems to
be critical for virulence. Both naturally occurring xa13 rice acces-
sions and Xa13 RNAi lines show reduced fertility, which again
coincides with strongly reduced Xa13 transcript levels in pollen
(Chu et al., 2006). This reveals another role for Xa13 in pollen de-
velopment. Futhermore, the addition of the TAL effector avrXa7
to a pthXo1-containing strain renders the bacterium virulent on
otherwise xa13-resistant rice plants (Yang et al., 2006). Thus, it
is possible that the failure to activate one host susceptibility
gene is bypassed by activating another. Future experiments
are required to identify the host target gene(s) of AvrXa7.
Taken together, the overwhelming genetic evidence on both
host and bacterium points to a Xoo virulence strategy that
aims to alter the expression of several host genes for virulence.
Consistent with this is that another Xoo TAL effector, pthXo6,
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member (Sugio et al., 2007). Ectopic expression of TFX1 by-
passes the requirement for pthXo6 for full virulence while elimi-
nation of pthXo6 results in reduced pathogen virulence, thus in-
dicating a TFX1 role in promoting susceptibility (Sugio et al.,
2007).
Conclusion
The frequent occurrence of ‘‘atypical’’ R genes to Xanthomonas
species, conferring recessively or dominantly inherited strain-
specific immunity, could be the consequence of the unique ca-
pacity of TAL effectors to bind to eukaryotic DNA and to manip-
ulate transcriptional outputs. A key question remains whether the
identified rice genes targeted by different TAL members act as
host susceptibility factors that activate specific host cell pro-
grams to promote Xoo pathogenesis. This could include mecha-
nisms facilitating entry into or systemic spread within dead xylem
cells, release of host nutrients from adjacent living companion
and/or leaf mesophyll cells, or Xoo egress from the vasculature
after bacterial multiplication. Clearly, testing such presumed
functions of TAL effector targets at different stages of the infec-
tion process demands the development of bacterial bioassays
that can quantitatively report each stage of the infection cycle.
A further difficulty is that the rice ‘‘susceptibility proteins’’ identi-
fied to date do not provide immediate insight into the mecha-
nisms by which Xoo pathogenesis could benefit from their pres-
ence. Thus, Xoo TAL effectors could target the transcription
process itself to indirectly sabotage host cell defense transcrip-
tional reprogramming. In this scenario, the extent of TAL effec-
tor-mediated perturbation on host gene expression could be
more important than the biochemical activities of the induced
gene products per se.
The two seemingly disparate TAL functions proposed above
are not mutually exclusive. The leaf mesophyll hypertrophy in
pepper, triggered by AvrBs3-dependent upa20 activation in sus-
ceptible Xcv interactions (Kay et al., 2007), currently provides the
best evidence that at least a subset of TAL effectors target spe-
cific host genes to activate a dedicated susceptibility (dispersal)
mechanism for the bacterium. However, a laboratory bioassay
quantifying Xcv egress from infected leaves is desirable to better
understand how AvrBs3-induced mesophyll hypertrophy facili-
tates pathogen dispersal in field conditions. If activation of spe-
cific host susceptibility genes were a general attribute of TALs,
then one would wonder how the highly sequence-related effec-tors in Xcv and Xoo evolved the capability to target functionally
distinct sets of pepper and rice genes to access their disparate
colonization niches. Since transcription of a set of genes that
work together in the same cellular process are often coregulated
in eukaryotic cells, the employment of TAL effectors that can
recognize different regulatory DNA sequences to manipulate
eukaryotic gene expression might have helped to establish such
diverse virulence strategies. Alternatively, effectors different
from TALs might determine the distinctive Xcv and Xoo leaf
colonization patterns.
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